A new kind of resonant impedance type hybrid active filter (RITHAF) is proposed for dynamic harmonic current suppression and high capacity reactive compensation in medium and high voltage systems. This paper analyzed the different performance of the RITHAF when the active part of the RITHAF is controlled as a current source and as a voltage source, respectively. The harmonic suppression function is defined in this paper. The influences of the changes caused by the grid impedance and the detuning of the passive power filter on the compensating characteristics of the RITHAF are studied by analyzing the suppression function. Simulation and industrial application results show that the RITHAF has excellent performances in harmonic suppression and reactive compensation, which is suitable for medium and high voltage systems.
I. INTRODUCTION
Due to the wide application of power electronic loads such as switching mode power supplies, light controllers, interruptible power supplies, electric furnaces, ac voltage regulators and adjustable speed drives, a large amount of harmonic current or voltage is produced and reflected into distribution and transmission networks, which degrades the power quality [1] , [2] . In order to mitigate harmonics, different configurations of active and passive filters have been proposed for different applications.
Conventionally, passive power filters (PPF) are often used to improve power quality due to its simple circuit configuration. Bulky passive elements, fixed compensation characteristics, and series and parallel resonance are the main drawbacks of this scheme. To overcome such problems, active power filters (APF) have been used effectively since they can compensate harmonics dynamically. The shunt connection APF is the most studied topology [3] - [7] . However, these APF are not suitable for high or medium voltage situations because the capacity of semiconductor components is not high. In order to reduce the capacity of power devices, hybrid compensation schemes have emerged one after another. The aim of hybrid topologies is to enhance passive filter performance and to reduce the power-rating of active filters [8] - [15] . A shunt active power filter applied to high-voltage power distribution systems has been presented [12] . This system was based on the transformer's harmonic impedance control. Active power filters naturally provides a low impedance path for harmonic currents in power systems. The harmonic currents in power distribution systems can be led to flow into the linear transformer branch. A combined system of a classical static var compensator (SVC) and an APF has been proposed [13] . The SVC in this system consists of a PPF and a thyristor controlled reactor (TCR). A small rating APF was used to improve the filtering characteristics of the PPF and to suppress the possibility of resonance between the grid and the PPF. A novel three-phase hybrid active power filter with a series resonance circuit tuned at the fundamental frequency was proposed for simultaneously suppressing harmonic currents and compensating high-capacity reactive power in high-and Manuscript received Feb. 12, 2012; revised Oct. 7, 2012 Recommended for publication by Associate Editor Sanjib Kumar Panda.
medium-voltage power systems [14] . The active power filter was shunted to the series resonance circuit by a matching transformer which greatly reduces its current requirements as well as the voltage ratings of the semiconductor switching devices. Passive power filters were used to compensate reactive power with a constant capacity. The active part in [13] , [14] was a hybrid active power filter with an injection circuit (IHAPF), which showed great promise in reducing harmonics and improving the power factor with a relatively low capacity active power filter. However, it suffered from dc-side voltage instability that inadvertently impacted the compensation performance and the safety of the IHAPF. Two new methods were proposed to overcome this major technical challenge. One uses a hysteretic control and energy release circuit, and the other uses a controllable pulse width modulation (PWM) rectifier [15] .
A new kind of Resonant Impedance Type Hybrid Active Filter (RITHAF) is proposed in this paper. The topology and operation principle of the RITHAF are described in Section II. The work characteristic is analyzed when the RITHAF is controlled as current source and as a voltage source in Section III. The compensation characteristics of the RITHAF, the influence of system parameters changes and Passive Power Filter Detuning are analyzed in Section IV. In Section V and VI simulation and industrial application results demonstrate that the proposed RITHAF can effectively suppress harmonics and compensate reactive power, while using economic, low capacity APFs. Finally, some conclusions have been given in Section VII.
II. SYSTEM CONFIGURATION AND WORKING PRINCIPLE OF THE RITHAF

A. Topology of the RITHAF
The structure of the RITHAF is shown in Fig.1 . A Voltage Source Converter (VSC) is the active part. The passive part is composed of several single tuned filters and a second order high pass filter. The active part in parallel with a fundamental series resonance circuit (FSRC) through a coupling transformer is connected with the passive section in series. The RITHAF connects to the grid in parallel through its passive part. The VSC is a pulse width modulation inverter based on self-turn-off devices. The DC-side is a capacitor with a high capacity. An output filter is connected with the output of the VSC to filter high order frequency currents. In this structure, the FSRC is connected at the second side of the coupling transformer in parallel. As a result, the RITHAF can compensate a great deal of reactive power with the lower capacity of the VSC. The operation characteristic of the RITHAF is that the reactive power is compensated only by the passive part and the harmonic content is eliminated by both the active and passive parts. 
B. The Basic Working Principle of the RITHAF
The single-phase equivalent circuit of the RITHAF is shown in Fig.2 
where C U is the voltage of the active part. According to (2) ,
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and C U can be expressed as:
According to Fig.3 , the APF of the RITHAF is equivalent to the harmonic impedance, which is connected with the grid in series. The magnitude of Rh Z is much higher than that of the harmonic impedance Fh Z . Therefore, the harmonics generated by a nonlinear load will flow to the PPF. The harmonic current injected to the grid will be low, which is nearly zero.
Considering the compensation of the RITHAF to the harmonics voltage of the grid Sh U and assuming that Lh I is zero, the single-phase equivalent circuit is shown in Fig.4 (a) . The system equations are expressed as: 
According to (5) , Sh I and C U can be rewritten as:
From (6) 
The APF does not bear the fundamental wave voltage or no fundamental wave current. Therefore, the fundamental wave capacity of the APF is zero in theory. The power grade of the switch devices is decreased significantly. As a result, the initial investment of the RITHAF is reduced.
The harmonic compensation ability of the RITHAF depends on the harmonic impedance Rh Z of the FSRC branch for the nth harmonic.
where S w is fundamental angular frequency, R L and R C are the inductor and capacitor of the FSRC branch, respectively. In (11), the inductor internal resistance of the FSRC is not considered. The smallest harmonic component is the second harmonic, n=2. The second harmonic impedance of the FSRC must be larger than the constant K 1 , where:
where:
The relationship between the second harmonic impedance Hence the third harmonic impedance is 16/9 times the second harmonic impedance. The fifth harmonic impedance is 48/15 times the second harmonic impedance.
III. STUDY ON THE CONTROL STRATEGY OF THE RITHAF
The performance of the RITHAF is influenced by different control strategies. The different performances of the RITHAF will be obtained, when the RITHAF is controlled as a current source or as a voltage source, respectively. A suitable control strategy is chosen for the engineering application in this section. When the APF is controlled as a harmonic voltage source:
where K is the controlled gain of Sh I . If K is not too large, the fundamental wave current will flow into the APF. The capacity of the APF is increased. If the active part of the RITHAF is considered as an ideal harmonic voltage source, it is equivalent to a short-circuit in the fundamental wave voltage Sf U , as shown in There is another question about the fundamental wave circulation between the active part of the RITHAF and the FSRC branch. If the APF is considered as a controlled voltage source and its output voltage contains a small fundamental wave component. The equivalent circuit of the RITHAF in the fundamental wave is shown in Fig.8 (a) . As for Cf U , the equivalent circuit is shown in Fig.8(b Fig.9 under the condition that the APF is considered as a harmonic voltage source. In Fig.9 , i_Sa, i_Fa, i_Ca, i_Ra and V_Ca are the A phase current of the power grid, the PPF, the APF, the FSRC and the A phase fundamental wave voltage of the APF, respectively. The output-voltage error of the APF is very small in the simulation experiments. However, the fundamental wave component in i_Ca is very large from Fig.9 . The fundamental wave component in the FSRC is larger than in the PPF. This shows that there is a fundamental wave circulation between the APF and the FSRC. The fundamental wave circulation will be bigger if the RITHAF is applied in higher voltage system.
Cf Z must be increased in order to decrease the fundamental wave current injected to the APF, which depends on the system voltage grade and the system control error. The equivalent impedance of the coupling transformer at the APF side shows inductive, and the fundamental wave impedance Cf Z becomes larger as the harmonic impedance is increased, which will undoubtedly decrease the capability of the harmonic suppression of the RITHAF. If the APF is controlled as a harmonic voltage source, there will be some contradiction between improving the properties of the harmonic suppression and reducing the fundamental wave current in the APF.
The APF does not bear the fundamental wave voltage or the fundamental wave current if the APF is considered as a harmonic current source whose capacity is very small. It is more economic relatively. In fact, in order to keep the DC voltage constant and to compensate the loss of the VSC and the DC-side capacitor, some small fundamental wave current will be injected to the APF. Or there is little fundamental wave current component Cf I in the output current of the APF shown in Fig.10 
IV. CHARACTERISTIC ANALYSIS OF THE RITHAF
A. Influences of Power Grid Impedance Changes
The harmonic compensating characteristic of the PPF is influenced by the gird impedance S Z greatly, but the APF can overcome the influence of S Z well. 
The harmonic impedance of the PPF is expressed as: 
where R R stand for the inductor internal resistance of the FSRC. The harmonic impedance of the grid is expressed as: functions of the harmonic source and the grid harmonic are shown in Fig.11 and Fig.12 , respectively. In Fig.11 and Fig.   12 , the curves 1, 2, 3 and 4 stand for when the inductor of grid S L is 0.05mH, 0.5mH, 5mH and 10mH, when S R is 0.01 W , respectively. In Fig.11 and From Fig.11 (a) and Fig.12 (a) , it can be seen that the harmonic suppression function is changed greatly if S L has different values, regardless of the harmonic current of the harmonic source or the harmonic voltage of the grid. From Fig.11 (b) and Fig.12 (b) , it can be seen that the grid impedance has little effect on the harmonic compensating characteristic of the RITHAF. The value of the harmonic suppression function is negative with all frequency even if S L is very small. Therefore, it can be concluded that the harmonic compensating characteristic of the PPF is influenced by the grid impedance. When the grid impedance is smaller, the harmonic suppression performance of the PPF is worse. When the grid impedance is bigger, the harmonic suppression performance of the PPF is better. The harmonic compensating characteristic of the RITHAF is basically not influenced by the grid impedance. When the grid impedance is bigger, the harmonic suppression performance of the RITHAF is also better. It has good compensating characteristic to the harmonics at all frequencies.
B. Influences of Passive Power Filter Detuning on the Compensating Characteristics
The property of the PPF only influences the capacity of the APF, which does not influence the compensating characteristic of the RITHAF. If the tuned frequencies of the single tuned filters offset 10%, there will be two detuned situations. The first is that the tuned frequencies of the 2 nd , 3 rd and 5 th PPF are 90Hz, 135Hz and 225Hz, respectively; the second is that the tuned frequencies are 110Hz, 165Hz and 275Hz, respectively. The influence of the PPF detuning on the harmonic suppression functions of the harmonic source and the grid harmonic are shown in Fig.13 and Fig.14 , respectively. In Fig.13 and Fig.14, curve 1 represents the tuned frequencies offset -10%, curve 2 represents the tuned frequencies offset zero, and curve 3 represents the tuned frequencies offset +10%. From Fig.13 (a) , it can be seen that for the harmonic current generated by the harmonic source, the harmonic compensating characteristic of the PPF will be very poor if the PPF is detuned (curve 1). Sometimes the harmonic is even amplified (curve 3). In Fig.13 (b) , the harmonic compensating characteristic of the RITHAF is still good although the PPF is detuned. However, it is somewhat worse than with no PPF detuning. In Fig.14 (a) , in terms of the grid harmonic, the harmonic compensating characteristic of the PPF will be poor if the PPF is detuned. The harmonic is even amplified. In Fig.14 (b) , in terms of the grid harmonic, the three curves nearly coincide with each other, which shows that the harmonic compensating characteristic of the RITHAF is not influenced if the PPF is detuned.
Therefore, it can be concluded that the harmonic compensating characteristic of the PPF will be poor and even amplify the harmonic if the PPF is detuned. However, it has little effect on the RITHAF.
C. Analysis of the DC-link Voltage
The FSRC branch in the RITHAF will bypass the fundamental wave current to decrease the APF power rating. However, this branch will make it difficult for the capacitor in the DC-link to get power from the grid through the inverter, which makes problems for the DC-link voltage control. A rectifier is used to provide voltage to the inverter in the paper. The sharp rise in the DC-link voltage will easily damage the power switching equipment and the current flowing through the output filter will influence the safety of the system. In order to guarantee the performance and the safety of the inverter, the DC-link voltage should be kept balanced as long as a gateway is found to pour the active power into the grid. A pouring branch for the active power is added in the inverter DC-link to keep the DC-link voltage stable [15] . The pouring branch of the active power added to the inverter DC-link is shown in Fig.15 .
V. SIMULATION RESULTS
Simulation results based on the RITHAF have been obtained using PSIM software. The system parameters are as follows: The three-phase line voltage is 10kV and its frequency is 50Hz. The harmonic source is a current source. Table. I. Ideal harmonic current sources are applied in the simulation.
The current waveforms and frequency spectrums are shown in Fig.16 . i_La represents the A phase current of the loads. The content of each harmonic current is shown in Table. II. The voltage waveforms and frequency spectrums of the grid V_Fa and the terminal voltage of the APF V_Ca are shown in Fig.17 .
From the simulation results some conclusions can be drawn:
(1) The proposed RITHAF has good performance in harmonic elimination. The simulation results show that the waveform i_Sa has a better sinusoidal characteristic and little harmonic contents. (2) The proposed RITHAF can compensate some reactive power, because the waveform i_Fa has some fundamental wave current.
(3) The capacity of the APF is small. From table.2, it can be seen that the fundamental wave current i_Ca is very little. This is duet to the fact that the APF of the RITHAF does not compensate reactive power and it only eliminates a part of the harmonics. From Fig.17 , it can be seen that the fundamental wave voltage of the APF is only 29.4V. The APF does not need to endure the fundamental wave voltage and the fundamental wave current, so the total cost and capacity of APF can be noticeably decreased.
VI. INDUSTRIAL APPLICATION RESULTS
There are many 6-pulse, 12-pulse, 24-pulse rectifiers and converters applied in the 10kV grid of a copper plant in the Anhui province of China, which result in a high harmonic current distortion and a low power factor. The proposed RITHAF system has been installed in the copper plant. An industrial platform was set up to prove the practicality of the proposed theory in this paper. A nonlinear load was connected to the 10kV power grid through a 8. Data is sampled at equidistance during every grid cycle. The PWM waveforms are generated by a PWM unit of TMS320F28335. Fig.18 shows a prototype of the RITHAF system which consists of the PPF, the APF and the controller based on a DSP. The load current waveform, the supply current waveform and their spectrums are shown in Fig.19 . The distortion of the fifth, seventh, eleventh, thirteenth and seventeenth of the load current, the total harmonic distortion (THD) and the power factor (PF) are shown in Table. III both before and after compensation. The supply current waveform has already been approximated to a sinusoidal wave. Fig.19 (c) shows the output current waveform and spectrum of the APF. It can be seen that the APF only sustains harmonic current, which reduces the capacity of the APF. The application results have validated the practicality of the proposed RITHAF. 
VII. CONCLUSIONS
A kind of Resonant Impedance Type Hybrid Active Power Filter (RITHAF) is proposed in this paper. Its principle and control methods are discussed. It is more economical if the RITHAF is viewed as a current source. In addition, the influence of system parameters changes on the compensating performance of the RITHAF are also studied. Finally, simulation and industrial application results show that the RITHAF has excellent performance in harmonic suppression and reactive power compensation. The capacity of the active part and the power grade of the switch devices are low, which is suitable for medium and high voltage systems.
